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ABSTRACT 


This  annual  report  includes  a  description  of  results  from  work 

'i  '7 ' 

on  an  investigation  of  the  quaternary  system  (HgTeV^l InSb)/.  in 

fX)  'l-XJ 

accordance  with  Project  N00014-83-K-0588  during  the  second  year, 
from  September  1,  1984  to  August  31,  1985. 

In  the  course  of  this  time  period,  the  systems  for  Bridgman- 
Stockbarger  growth,  hot-wall  epitaxial  growth,  and  isothermal 
epitaxial  growth  were  designed,  assembled,  and  tested.  On  the  basis 
of  the  resutls  of  the  testing  stage,  the  temperature-pressure-time 
regimes  for  single-crystal  and  epitaxial  layer  growth  were  devel¬ 
oped.  Several  single  crystals  of  the  solid  solutions  of  HgTe  in 
InSb  with  the  HgTe  contents  up  to  15  mole  percent  were  grown  and 
assessed.  The  report  includes  growth  parameters  for  the  bulk 
crystals  with  composition  x  =  0.05,  0.10,  0.12  and  0.15.  These  cry¬ 
stals  cover  the  energy  gap  range  from  0.10  to  0.14  eV  or  the  cut-off 

wavelength  range  from  12.4  to  8.9^ urn.  -7 _ 

'  The  synthesized  single  crystals  and  epi layers  were  used  for 
microstructure  analysis,  microhardness  measurements  and  X-ray  analy¬ 
sis.  It  has  been  established  that  the  single  crystals  grow  predomi¬ 
nantly  in  the  [111]  direction  and  possess  relatively  high  axial  and 
radial  uniformity.  The  axial  size  of  the  grown  single  crystals  was 
up  to  80  mm  with  a  10  mm  diameter.  The  electrical  transport  param¬ 
eters  were  evaluated  from  the  results  of  electrical  conductivity  and 
Hall  constant  measurements.  As  usually  takes  place,  carrier 


mobility  of  the  bulk  crystals  is  greater  than  that  of  the  epi layers. 

The  magnitudes  of  mobility  of  the  grown  crystals  were  of  the  order 

of  10  cm  /V-sec  at  room  temperature;  whereas,  for  the  films  this 

3  2 

parameter  did  not  exceed  10  cm  /V* sec.  The  temperature  dependence 
of  the  transport  parameters  suggests  that  the  electron  mobility  is 
limited  mainly  by  acoustic  phonons. 

The  investigation  of  the  optical  parameters  consisted  of  trans¬ 
mittance,  reflectance,  and  photoconductivity  measurements.  The 
results  were  used  for  evaluation  of  the  fundamental  optical  absorp¬ 
tion  edge  as  a  function  of  the  sample  composition.  The  photoconduc¬ 
tivity  data  demonstrated  that  the  alloys  had  a  relatively  long 
excess  carrier  lifetime  at  low  thermal  equilibrium  carrier  concen¬ 
tration  and  high  quantum  efficiency.  It  is  reasonable  to  conclude 
that  the  investigated  single  crystalline  samples  satisfy  the  basic 
requirements  for  high  photoconductive  responsivity. 

In  the  process  of  preparation  for  the  crystal  growth,  and  in 
connection  with  the  plans  for  the  third  year  of  work,  the  thermal 
conductivity  of  the  alloys  as  a  function  of  composition  was  measured 
at  room  temperature. 

The  results  of  the  first  two  years  of  work  with  this  Project 
give  us  reason  to  conclude  that  the  investigated  group  of  semicon¬ 
ductor  materials  evidently  possesses  properties  which  can  be 
successfully  used  for  manufacturing  infrared  detectors  of  a  new 


The  basic  steps  of  the  third  year  of  work  are  (a)  correction  of 
methods  of  single  crystal  and  thin  film  preparation,  (b)  design  and 
manufacturing  of  the  models  of  photoconductive  and  photovoltaic 
detectors  on  the  basis  of  (HgTe)  (InSb),  alloys,  and  (c)  investi- 
gation  of  the  detection  parameters,  such  as  minimum  detectable 
power,  signal-to-noise  ratio,  specific  detectivity,  and  their  depen¬ 
dence  upon  the  detected  radiation  frequency,  temperature,  etc.  The 
main  purpose  of  this  project  is  the  development  of  growth  technique 
for  crystals  and  epitaxial  layers  of  (HgTe)^( InSb)^  The  goal  is 
to  synthesize  and  evaluate  single  crystals  and/or  epitaxial  films  of 
these  substances  and  provide  comprehensive  recommendations  for  their 
effective  use  as  materials  for  far-infrared  photoresistive  and/or 
photovoltaic  detectors. 
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1.  INTRODUCTION 

This  report  includes  results  of  the  second  year  investigation 
of  the  semiconducting  alloys  in  the  quaternary  (pseudo-binary) 
system  HgTe-InSb. 

During  the  first  year  of  work  on  this  Project,  it  was  shown 
that  solid  solutions  in  the  (HgTe)^( InSb) ^  ^  section  of  the  pseudo¬ 
quaternary  system  InSb-In2Te2-HgTe-Hg2Sb2  exist  at  least  in  the 
limits  of  0  _<  X  _<  0.2.  In  these  limits  the  optical  energy  gap  is 
changing  linearly  from  0.17  eV  to  0.086  eV  (from  7.3  urn)  with  the 
rate  4.2  meV/percent  of  HgTe,  which  is  much  less  than  that  of  the 
HgCdTe  system  (19  meV/percent  of  HgTe). 

The  experiments  showed  that  synthesis  of  single-phase  semicon¬ 
ducting  ingots  took  place  at  relatively  low  temperatures,  and  the 
amount  of  successful  cycles  of  synthesis  was  greater  than  90%  of  all 
the  total  amount  of  cycles.  This  is  much  better  than  in  the  case  of 
HgCdTe  where  this  parameter  is  smaller  than  60%.  The  reason  for  it 
is  partially  due  to  much  lower  synthesis  temperatures  for 
(HgTe)^(TnSb) ^  in  comparison  with  that  of  HgCdTe  and  correspond¬ 
ingly  lower  vapour  pressure. 

Our  investigation  has  shown  that  at  x  >  0.20  the  process  of 
homogenization  of  alloys  is  slowed  down  and  takes  the  time  period  of 
not  less  than  180  days.  On  the  other  hand,  the  materials  with  x  > 
0.20  in  accordance  with  the  theoretical  predictions  are  more  of  a 
metallic  nature  than  the  semiconductor  one,  and  do  not  represent  a 
substantial  interest  as  materials  for  infrared  detection.  Taking  it 
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into  consideration,  we  concentrated  our  attention  upon  the  single¬ 
phase  alloys  with  x  in  the  limits  from  0.0  to  0.20. 

It  was  shown  that  the  alloys  have  a  crystal  lattice  of  the 
F^3M  type  and  the  lattice  parameter  obeys  Vegard's  law.  The  micro¬ 
hardness  of  the  alloys  is  much  greater  than  those  of  HgCdTe  (cf.  for 
example,  210  and  45  kgp/mm  perspectively)  and  even  on  the  first 
steps  of  our  experiments  we  had  had  an  advantage  because  of  it,  hav¬ 
ing  a  smaller  amount  of  broken  samples  in  the  process  of  mechanical 
treatment  (cutting,  polishing,  etc.). 

Electrical  conductivity  and  Hall  effect  measurements  had  been 
used  to  characterize  the  transport  properties.  All  samples  pos¬ 
sessed  conductivity  of  n-type.  This  contrasts  with  the  alloys  of 
HgCdTe  and  may  be  explained  if  we  assume  that  probable  losses  of  the 
mercury  atoms  from  the  surface  of  an  ingot  do  not  change  electrical 
properties  substantially,  because  in  the  InSb  alloys,  that  have  a 
relatively  small  amount  of  HgTe,  second  members  of  rhs  of  expres¬ 
sions  for  electrical  conductivity,  a,  and  Hall  constant  R  [13]: 

H 


|e|  Up  p  ♦  |e|  u„  n 


|e| (pu +  nu  |e|(pu  +  nu 
p  n  P  n 


(1.1) 

(1.2) 


are  usually  much  greater  than  the  first  ones.  This  is  partially 
connected  to  the  fact  that  mobility  of  electrons,  Up,  in  the  InSb 
alloys  is  much  greater  than  that  for  holes,  u  .  In  our 


experiments,  parameter  |Nq-N^|  was  changing  synbatically  with  x  and 

1  1 A 

had  an  order  of  magnitude  10  -  10  cm“  which  is  typical  for  the 

polycrystall ine  samples  of  alloys  on  the  basis  of  InSb,  as  well  as 
the  magnitude  of  the  product  oRj^,  that  was  about  4  x  10  cm‘-/V»sec. 

Optical  measurements  on  the  polycrystalline  samples,  which 
included  both  transmittance  and  reflectance  experiments,  demon¬ 
strated  practically  linear  decrease  of  the  energy  gap  with  the  HgTe 
concentration  increase.  The  results  of  the  optical  measurements  had 
a  reasonable  agreement  with  the  electrical  and  gal vano-magnetic 
data. 

The  results  of  our  experiments  during  the  first  project  year 
had  given  us  reason  to  conclude  that  the  investigated  alloys  might 
be  considered  as  a  very  promising  and  prospective  material  for  far- 
infrared  detectors  as  well  as  one  for  some  other  semiconductor 
devices. 

As  it  is  well  known,  reliable  and  reproduceable  data  of  the 
material  parameters  can  be  obtained  only  on  the  basis  of  the  results 
of  the  measurements  of  the  parameters  on  single  crystalline  samples 
of  the  material  investigated.  Furthermore,  the  ability  of  growth  of 
bulk  single  crystals  and/or  thin  epitaxial  layers  is  almost  always 
an  unavoidable  step  in  the  process  of  introduction  of  a  new  material 
in  the  semiconductor  industry.  The  problem  of  single  crystals  was 
the  main  part  of  the  second  year  experiments. 

The  reported  year  schedule  included:  (a)  bulk  crystal  growth 
and  epitaxial  thin  film  growth  which  were  preceeded  by  a  detailed 


investigation  of  the  process  of  homogenization  of  the  polycrystal¬ 
line  ingots  used  for  growth;  (b)  the  Laue  and  Debye-Scherrer  x-ray 
analysis  of  the  grown  crystals  and  films;  (c)  detailed  investigation 
of  their  parameters;  electrical  conductivity.  Hall  constant,  optical 
absorption  and  reflectance,  photoconductivity,  as  well  as  (d)  micro¬ 
hardness  and  thermal  conductivity. 

The  main  objective  of  the  second  year  program  is  to  collect  all 
necessary  data  regarding  the  new  intrinsic  semiconductor  material 
that  will  be  used  in  our  third  year  work  to  manufacture  and  investi¬ 
gate  the  models  of  a  new  class  of  far-infrared  detectors  which,  on 
the  basis  of  our  preliminary  conclusions,  shall  have  certain  advan¬ 
tages  in  comparison  with  some  existing  detectors,  and  in  particular, 
mercury-cadmi urn- tel  1 uri de  ones . 


2.1.  SINGLE  CRYSTAL  GROWTH 


In  the  Bridgman-Stockbarger  crystal  growth,  an  alloy  is  con¬ 
tained  in  a  fused- silica  ampule.  The  ampule  carries  a  significant 
part  of  the  heat  during  the  solidification  process.  On  the  other 
hand,  thermal  conductivity  of  the  alloy  in  liquid  and  solid  states 
as  well  as  the  difference  in  their  composition  will  also  play  an 
important  role  in  removal  of  the  latent  heat  of  solidification  from 
the  melt-crystal  interface.  These  factors  will  determine  the  shape 
of  the  interface  which,  as  was  shown  in  Refs.  [1-4],  plays  an  impor¬ 
tant  role  in  the  compositional  uniformity  and  defectiveness  of  the 
growing  crystal.  The  shape  of  the  interface  is  determined  mainly  by 
the  radial  temperature  gradient  in  the  melt  and  in  the  crystal  near 
the  interface.  The  commonly  observed  interface  is  a  concave  one 
upon  which  the  growth  takes  place  under  neither  isothermal  nor 
i socomposi ti onal  condi ti ons . 

To  get  a  nearly  flat  interface,  we  designed  a  Bridgman- 
Stockbarger  growth  system  with  an  inner  diameter  only  slightly 
greater  than  that  of  the  growth  ampule.  The  system  consisted  of 
three  sections:  an  alloying  section,  a  growth  section,  and  an 
annealing  section.  The  schematic  arrangement  of  the  parts  is  pre¬ 
sented  in  Figure  1.  Initially,  the  ampule  with  the  mixture  of  HgTe 
and  InSb  in  a  proper  ratio  was  inserted  in  the  upper  tube  furnace  A. 
This  step  of  the  process  was  designed  to  make  a  homogeneous  liquid 
alloy  InSb-HgTe.  In  part  of  our  experiments  we  applied  the  vibra¬ 
tional  mixing  of  the  alloy  to  accelerate  the  process  of 
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homogenization  (oscillation  frequency  120Hz).  At  the  end  of  this 
step  of  the  process,  the  ampule  with  the  alloy  was  lowered  to  the 
furnace  B.  Both  furnaces  had  copper  (or  brass)  cylinders  inside  of 
them  to  provide  uniform  temperature.  The  temperatures  in  the  fur¬ 
naces  B  and  C  were  chosen  to  yield  a  nearly  flat  interface  shape. 

The  theoretical  reason  for  the  choice  was  based  upon  the  assumptions 
that  (a)  the  main  part  of  heat  is  transported  in  the  furnace  by 
radiation,  (b)  the  ampule  material  (fused  silica)  is  transparent  for 
visible  and  infrared  radiation  at  X  <  4  urn  and  (c)  the  emissivities, 
e,  of  all  heated  parts  are  equal  to  each  other. 

To  have  a  nearly  flat  crystallization  front  we  have  to  satisfy 
the  equilibrium  condition 

where  a  is  the  Stefan-Bol tzmann  constant  and  the  subscipts  u,  s,  and 
1  relate  to  the  upper  (hotter)  part,  interface,  and  the  lower 
(cooler)  part  of  the  system  respectively. 

From  (2.1.1)  we  get 

T^  =  (2T^  -  T^)^^  (2.1.2) 

Temperature  T^  usually  is  chosen  to  be  a  few  degrees  above  the 
liquidus  to  avoid  the  constitutional  supercooling. 


After  completion  of  the  process  of  preparation  of  a  homogeneous 
liquid  alloy,  the  ampule  started  to  move  down  with  a  chosen  veloc¬ 
ity.  The  choice  of  the  speed  was  constrained  by  the  requirement  to 
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avoid  constitutional  supercooling  as  well  as  to  prevent  segregation 
of  HgTe  with  respect  to  InSb,  due  to  the  separation  of  the  liquidus 
and  solidus  lines. 

Tiller  [5]  gave  the  formula  for  the  velocity,  v^,  above  which 
constitutional  supercooling  becomes  significant: 

Vq  =  GDk/C(l-k)m  ,  (2.1.3) 

where  G  is  the  temperature  gradient  in  the  melt,  D  the  diffusion 
coefficient  in  the  melt,  k  the  segregation  coefficient,  C  the 
concentration  of  solute  in  the  solid,  and  m  the  liquidus  slope. 

In  our  search  for  the  temperature  and  velocity  magnitudes  we 
used  the  phase  diagram  of  pseudo-binary  system  InSb-HgTe  [6].  In 
our  investigations,  we  studied  the  effect  of  various  treatments  of 
the  inner  surface  of  the  growth  ampule,  including  carbon  coating, 
flaming,  etc.  It  was  evident  that  the  best  results  took  place  with 
the  routinely  purified  silica.  From  our  point  of  view,  the  most 
important  parameter  that  determines  the  success  of  the  Bridgman- 
Stockbarger  growth  is  uniformity  of  transparency  of  the  crucible 
walls  for  the  (infrared)  radiation.  The  same  effects  were  dis¬ 
covered  by  Bartlett  et  al .  [7]  while  investigating  growth  of  the 
Cd  Hg.  Te  crystal  s. 

X  A  “  X 

The  mechanical  driving  unit  used  in  the  experiments  was  able  to 
drive  an  ampule  at  a  speed  between  0.01  to  4.0  cm/hr.  Quartz 
ampules  with  the  inner  diameter  of  10.0  mm  and  the  outer  diameter  of 
14.3  mm  were  used  for  crystal  growth.  The  thickness  of  the  ampule 
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walls  was  chosen  only  to  satisfy  the  requirements  of  the  Health  and 
Safety  Department.  Our  synthesis  and  crystal  growth  laboratory  is 
located  in  a  classroom  and  office  building  of  SDSU. 

The  inner  surface  of  the  ampule  was  ground  with  0.05  micro 
powder  of  gamma  alumina  to  clean  the  surface  of  silica  from  a  micro¬ 
scopic  layer  of  glass,  carbon,  and  other  mechanical  precipitates. 

After  the  mechanical  cleaning,  the  ampule  was  washed  in  deionized 
water  (DW)  and  filled  with  a  saturated  solution  of  KOH  and  methanol. 
After  24  hours,  the  ampule  was  rinsed  again  in  DW,  and  filled  with  a 
mixture  of  HNO^  and  HCl  (1:3  by  volume).  After  24  hours,  the  ampule 
was  rinsed  thoroughly  with  DW  (ten  cycles,  10  minutes  each)  and 
after  this  was  evacuated  with  a  diffusion  pump  unit  to  10"^  torr. 

The  evacuated  ampule  while  pumping  was  heated  to  900“C  in  the  part 
of  it  which  was  intended  to  hold  the  load.  After  baking,  the  ampule 
was  cooled,  disconnected  from  the  vacuum  system,  and  loaded  with  the 
chosen  amount  of  binary  components.  A  thoroughly  cleaned  silica  rod 
with  a  diameter  only  slightly  smaller  than  that  of  the  ampule  inner 
diameter  was  then  inserted  in  the  ampule.  The  latter  was  connected 
to  the  diffusion  pump,  evacuated,  and  sealed  off. 

In  our  estimations  of  (a)  the  temperatures  in  the  different 
parts  of  the  Bridgman-Stockbarger  furnace,  (b)  speed  of  the  ampules, 
and  (c)  the  lengths  of  the  load,  we  used  magnitude  of  thermal  con¬ 
ductivity  of  fused  silica  <  =  14.8  mW/cm*K  [8],  magnitudes  of  <  for 
(HgTe)  (InSb).  alloys  from  our  measurements  (see  section  3.6  of  this 

X  i  “  X 

Report),  and  magnitudes  of  InSb  density  in  solid  state  Dj(480°C)  = 


5.77  g/cm'^  and  in  liquid  state  D^(550“C)  =  6.43  g/cm'^  after  Glazov 
et  al .  [9].  A  photo  of  a  loaded  and  sealed  ampule  is  presented  in 
Fig.  2.  See  Appendix  1  for  the  preparation  furnace  dimensions. 

2.2.  THIN  FILM  GROWTH  BY  VAPOR-PHASE  EPITAXY 

In  our  experiments  with  epitaxial  layer  growth  we  used  two 
methods:  (1)  the  hot-wall  epitaxy  HWE  [10]  and  (2)  the  evaporation 
diffusion  under  isothermal  conditions,  EDRI  [11,  15,  16]. 

The  main  advantage  of  the  HWE  technique  is  in  its  relative 
simplicity  and  the  possibility  to  grow  epitaxial  layers  under  condi 
tions  closer  to  thermodynamic  equilibrium  than  most  other  evapora¬ 
tion  methods  [12].  The  system  consists  essentially  of  a  heated 
silica  tube  with  two  independent  furnaces,  one  of  which  evaporates 
the  source  material  (e.g.,  HgTe)  and  serves  also  to  direct  the  eva¬ 
porating  particles  from  the  source  to  the  substrate.  The  other 
heater  keeps  the  substrate  at  a  chosen  deposition-diffusion  tempera 
ture.  The  substrate  at  the  top  closes  the  tube.  In  this  design, 
loss  of  material  is  less  and  a  clean  environment  is  kept  inside  the 
tube. 

The  apparatus  (Fig.  3)  consists  of  the  ceramic  pedestal,  1, 
that  holds  a  flat-bottom  quarts  ampule,  2,  with  a  heater  on  the 
outer  surface,  3,  and  a  special  aperture  in  the  bottom  to  hold  a 
thermocouple,  4.  The  ampule  upper  edge  is  held  by  a  ceramic  ring, 
5,  and  the  latter  is  connected  to  the  assembly  column,  6.  The  ring, 
5,  has  a  horizontal  slit  in  it  just  above  the  upper  edge  of  the 


ampule,  2.  The  slit  is  a  part  of  a  shutter  system  that  may  separate 
the  source  of  depositing  material  and  the  substrate,  7.  The  other 
part  of  the  shutter  system  is  a  flat  stainless-steel  shutter,  8, 
with  a  round  opening  in  it.  Diameter  of  the  opening  is  equal  to 
that  of  the  ampule  2.  The  shutter  is  connected  to  a  magnet,  9,  that 
is  located  in  an  appendix,  10,  on  the  surface  of  a  vacuum  bell,  11. 
The  substrate,  7,  reposes  on  a  polished  quartz  ring,  12,  which  lies 
on  the  ring  5.  The  substrate,  7,  holds  another  flat-bottom  quartz 
ampule,  13,  that  serves  as  a  substrate  heater.  This  heater  consists 
of  two  coaxial  ampules,  one  of  which,  14,  has  a  flat  bottom  and  the 
other  one,  15,  has  a  narrow  extension  at  the  bottom.  The  outer  dia¬ 
meter  of  the  ampule,  15,  is  only  slightly  smaller  than  the  inner 
diameter  of  the  ampule  14.  The  ampule  14  was  partially  filled  with 
tin  shot,  the  ampule  15  was  inserted  in  the  ampule  14  almost  to  the 
bottom  of  it,  and  then  the  system  was  evacuated  and  sealed.  The 
electric  heater,  16,  is  wound  around  the  surface  of  the  ampule,  14. 
The  tin  inside  of  the  heater  serves  to  create  uniformity  and 
stability  of  the  substrate  temperature  provided  by  high  thermal  con¬ 
ductivity  of  the  tin  melt.  The  temperature  is  measured  by  the  ther¬ 
mocouple,  17.  The  evaporation-deposition  system  was  surrounded  by  a 
reflecting  stainless-steel  screen  (not  shown  on  Figure  3)  and  con¬ 
nected  to  a  diffusion  vacuum  pump  system  (see  Figure  4). 

Our  preliminary  experiments  had  shown  that  nonuniformity  of 
radial  temperature  distribution  on  the  deposition  side  of  the  InSb 


substrates  was  below  the  level  of  sensitivity  of  the  temperature 

measuring  device  (AT  =  10"^K). 

^  sens 

The  epitaxial  growth  by  the  EDRI  method  was  done  on  the  single 
crystalline  InSb  substrates  with  the  HgTe  powder  as  a  source.  The 
geometry  of  the  growth  system  was  similar  to  one  used  by  Tufte  and 
Stelzer  [14]  for  HgCdTe  epitaxy.  The  source  of  the  evaporated  mate¬ 
rial  was  HgTe  99.999%.  The  substrate  in  the  shape  of  a  disk  10  mm 
in  diameter  was  cut  from  a  single  crystal  with  the  disc  cutter  SBT 
Inc.,  Model  350  (Figure  5),  and  thoroughly  etched  and  washed  prior 
to  experiment.  A  quartz  ring,  1,  Figure  6,  was  inserted  on  the 
bottom  of  a  flat-bottom  quartz  ampule.  After  it,  a  definite  amount 
of  the  HgTe  powder,  2,  was  loaded  inside  the  ring.  The  amount  of 
HgTe  was  chosen  on  the  basis  of  desirable  magnitude  of  x  in  the 
(HgTe)  (InSb).  layer.  The  InSb  substrate,  3,  of  (111)  orienta- 

A  A  *  A 

tion,  1-mm  thick,  was  placed  on  the  ring.  The  inner  diameter  of  the 
ampule  was  only  slightly  greater  than  that  of  the  InSb  substrate. 
After  it  a  quartz  rod,  4,  was  inserted  in  the  ampule,  the  latter  was 
connected  to  the  vacuum  system,  evacuated  and  sealed  out. 

The  thickness  of  the  rirg,  1,  was  equal  to  5  mm  which  was  equal 
to  that  in  [14],  but  much  greater  than  in  [15,  16].  We  believe  that 
in  our  experiment  greater  distance  is  better  from  the  point  of  view 
of  uniformity  of  the  vapor  phase  composition  near  the  surface  of 
substrate.  On  the  other  hand,  evaporation  of  the  atoms  of  the  sub¬ 
strate  in  our  case  is  negligibly  small  and  is  insignificant  in  the 
process  of  epitaxial  growth,  because  of  a  substantial  difference  in 


Figure  5.  The  crystal  circular  cutter  SBI,  Inc.,  Model  350 


the  vapor  pressure  of  Hg  and  Te  in  comparison  with  In  and  Sb.  We 
believe  that  unsuccessful  attempts  by  Marfaing  et  al .  [11]  to  grow 
InSb  on  the  CdTe  and  InAs  substrate  has  its  explanation  not  in  the 
nonexistence  of  a  mutual  solubility  between  the  corresponding  mate¬ 
rials  (there  is  unlimited  solubility  in  the  InSb-InAs  system  [17]), 
but  in  the  extremely  low  volatility  of  In  and  Sb  in  comparison  with 
Cd,  Te,  and  As.  For  the  geometry  of  the  epitaxial  growth  equipment, 
see  Appendix  1. 

2.3.  MICROSTRUCTURE  ANALYSIS  AND  MICROHARDNESS  MEASUREMENT 

Microstructure  analysis  of  the  polycrystalline  specimens  that 
were  used  in  a  part  of  the  Bridgman-Stockbarger  growth  experiments 
was  conducted  according  to  a  common  routine  which  consists  of  a 
specimen  being  molded  into  an  Epo-Kwick  epoxy  resin  cylinder,  the 
cylinder  then  was  cut  perpendicular  to  its  axis  in  a  chosen  posi¬ 
tion,  the  open  cut  of  the  specimen  was  polished  mechanically  with 
0.05  micro-powder  of  gamma  alumina,  the  polished  surface  was  etched 
in  1  to  2  dilution  of  2:1:1  parts  of  concentrated  HNO^,  HF,  and  HAC, 
respectively.  In  the  majority  of  the  synthesis  cycles,  the  pro¬ 
cesses  of  the  alloy  homogenization  in  the  liquid  state  was  an 
initial  part  of  the  crystal  growth.  Microstrucure  analysis  of  the 
grown  and  annealed  crystals  consisted  of  determination  of  the  single 
crystal  size,  and  the  search  for  the  existence  of  microscopically 
detectable  defects  and  mosaic  structure. 


27 


For  this  purpose  we  cut  the  ampule  with  the  grown  crystal  on 
cylindrical  portions,  polished  them  mechanically,  etched,  and  inves¬ 
tigated  the  structure  of  their  surface.  It  makes  sense  to  mention 
again  that  we  did  not  have  difficulties  with  cutting  ampules  with 
single  crystals  inside  because  of  the  relatively  high  microhardness 
of  the  grown  crystals  in  comparison  with  HgCdTe. 

Microstructure  analysis  of  the  thin  films  of  HgTe  on  the  sur¬ 
face  of  InSb  was  conducted  on  the  as-grown  films  with  the  different 
time-temperature  regimes  of  the  film  deposition.  Two  typical  photos 
of  the  initial  stages  of  the  epitaxial  growth  are  presented  in 
Figures  7  and  8.  It  is  clear  that  at  the  lower  rate  of  growth,  cen¬ 
ters  of  crystallization  are  uniform  and  have  a  definite  orientation 
on  the  substrate.  One  can  also  see  irregularities  in  the  orienta¬ 
tion  of  the  centers  of  crystallization  at  the  elevated  rate  of 
deposition.  From  our  point  of  view,  in  accordance  with  the  results 
of  Varlamov  et  al .  [18],  who  investigated  preparation  of  CdTe  layers 
on  the  InSb  substrate,  the  difference  may  be  explained  by  a  finite 
rate  of  reaction  between  the  deposited  atoms  and  the  substate.  If 
the  deposition  rate  is  small,  the  deposited  substance  reacted  chemi¬ 
cally  with  the  substrate  and  created  the  regular  centers  of  crystal¬ 
lization  following  by  the  uniform  epitaxial  growth.  At  the  higher 
rates,  clusters  of  Hg  atoms  on  the  surface  may  create  liquid  centers 
(e.g.,  amalgams)  with  the  substrate  material,  following  chemical 
interaction  with  the  substrate.  In  this  case,  at  a  certain  degree 
of  saturation,  the  liquid  centers  start  to  crystallize  creating 


irregularities  in  the  picture  of  the  growing  layer.  The  success¬ 
fully  grown  epitaxial  layers  have  a  very  uniform  mirror-like  surface 
similar  to  the  surface  of  the  initial  substrate.  Film  growth  was 
conducted  at  temperatures  from  373K  to  773K. 

It  is  known  ([17],  p.  11),  that  microhardness,  H,  of  a  solid 
solution  is  very  sensitive  to  its  composition  and  defectiveness.  In 
our  experiments,  we  used  the  measurements  of  H  to  check  the  uniform¬ 
ity  of  single  crystals  and  their  orientation.  The  latter  was  used 
as  an  axil i ary  method  to  the  Laue  X-ray  analysis.  In  many  III-V 
crystals  and  their  solid  solutions  it  has  been  established  [19-24] 
that  H  depends  upon  orientation  of  a  surface  tested  relatively  to 
the  crystallographic  directions.  For  example,  in  the  case  of  InP, 
change  of  the  angle  by  some  40®  may  change  H  from  370  to  410  Kgp/mm 
[24].  In  our  experiments,  we  have  measured  H  across  a  polished  and 
etched  surface  of  a  grown  single  crystal  or  an  epi layer  along  two 
mutually  perpendicular  directions.  For  the  epi layers,  H  also  gives 
information  regarding  the  layer  thickness  distribution.  For  the 
microhardness  measurements  we  used  a  Leitz  Microhardness  Meter, 
Wetzlar,  Germany.  In  our  experiments  the  load  0.05  kgp  was  used. 

The  experimental  error  in  the  measurements  of  H,  calculated  on  the 
basis  of  the  partial  derivative  method  was  equal  to  2.5%  without 
taking  into  consideration  the  ambient  temperature  fluctuations. 


2.4.  X-RAY  ANALYSIS 


X-ray  analysis  was  performed  on  the  computer  equipped  X-ray 
diffractometer  DIM  1057,  Diane  Corporation.  Both  the  Laue  and 
Debye-Scherrer  methods  were  used.  In  spite  of  relatively  small 
differences  in  the  magnitudes  of  the  lattice  constants  of  the  binary 
constituents  (6.4623A  for  HgTe  and  6.470A  for  InSb) ,  the  Debye- 
Scherrer  experiments  on  the  grown  crystals  have  convinced  us  that  in 
the  system  (HgTe)^( InSb)^  ^  the  axial  compositional  variation  during 
Bridgman-Stockbarger-type  directional  solidification  does  not  play 
such  a  substantial  role  as  it  does  in  the  system  HgCdTe. 

The  Laue  measurements  were  performed  in  the  SDSLI  and  repeated 
on  the  X-ray  equipment  of  General  Atomic  Technology,  Inc.  of  San 
Diego.  Both  results  were  identical.  An  example  of  a  lauegram  from 
a  single  crystal  (HgTel^  ^(InSbl^  ^  is  presented  in  Figure  9.  The 
crystal  was  cut  almost  perpendicular  to  the  growth  direction.  One 
can  see  a  third  order  symmetry  axis  almost  normal  to  the  photo 
plane. 


2.5.  ELECTRICAL  CONDUCTIVITY  AND  HALL  EFFECT 

For  electrical  conductivity  measurements  we  used  two  methods: 
(a)  the  so-called  col  linear  four-probe  array  probe  [25]  (sample  and 
probe  holder  type  Rig,  Model  C  has  been  manufactured  by  A&M,  Ltd., 
England),  and  (b)  the  Van-der-Pauw  method  [26]. 

The  col  linear  four-probe  method  was  used  in  our  laboratory  only 
for  measurements  at  room  temperature.  The  second  method  was  used 
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for  measurements  in  the  range  from  77  to  300K.  The  partial  deriva¬ 
tive  evaluation  of  accuracy  gave  a  magnitude  of  error  in  the  limits 
of  3-6%  depending  upon  the  sample  bulk  and  surface  electrical  con¬ 
ductivity  and,  consequently,  the  magnitudes  of  current  and  voltage 
drop. 

The  sign  of  the  dominant  charge  carriers  was  determined  from 
the  Hall  experiments  as  well  as  by  use  of  the  thermoelectric  probe 
method  with  a  temperature  difference  between  the  probes  of  about 
50°C.  All  grown  single  crystals  and  epi layers  have  had  n-type 
conductivity. 

The  Hall  effect  and  magnetoresistance  measurements  were  under¬ 
taken  on  the  Varian  Associate  V6060  magnet  system  (see  [6]).  The 
measured  magnitude  of  magnetic  induction  was  equal  to  15  kG.  The 
magnetic  induction  gradient  measurements  have  shown  that  the  magni¬ 
tudes  of  AB^/AX  and  AB^/AY  in  the  limits  of  the  specimen  size  were 
smaller  than  the  sensitivity  limit  of  the  magnetometer  used. 

To  double  check  our  results  of  electrical  and  gal vano-magnetic 
measurement,  we  asked  Dr.  Clawson  of  the  Naval  Ocean  Systems  Center 
(San  Diego)  to  measure  conductivity  and  Hall  effect  on  our  speci¬ 
mens.  The  results  of  his  measurements  are  in  satisfactory  accor¬ 
dance  with  ours  (the  difference  is  not  greater  than  30%).  This 
difference  may  be  explained  by  distinctions  in  the  contact  geometry, 
existence  of  adsorption  layers  on  the  specimen  surfaces  in  two 
experimental  cycles,  local  temperature  gradients,  etc. 
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2.6.  MEASUREMENTS  OF  OPTICAL  AND  ELECTROOPTICAL  PARAMETERS 

This  cycle  of  experiments  included  investigation  of  infrared 
transmission  and  reflection,  and  photoconductivity  measurements. 

The  IR  transmission  and  reflection  data  were  used  for  determi¬ 
nation  of  the  cut-off  wavelength.  The  absorption  coefficient,  k, 
was  calculated  from  the  data  on  relative  transmittance,  T,  reflec¬ 
tance,  R,  and  the  sample  thickness,  d,  using  the  expression  [6]: 

k  =  ln[(l-R)/T]/d  ,  (2.6.1) 


and  the  energy  gap,  was  estimated  on  the  basis  of  equation  [27, 
28] 


hv  =  e  +  C(khv)^  , 

g 


(2.6.2) 


where  hv  is  the  photon  energy  and  C  is  a  constant,  from  the  extrapo- 

p 

lation  of  the  linear  part  of  the  curve  hv  =  f[(khv)  ]  to  the  inter¬ 
ception  with  the  hv-axis.  The  magnitude  of  hv  in  the  interception 

point  is  equal  to  e  . 
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In  our  experiments,  T  and  R  were  measured  at  77K  and  300K  on 
the  Perkin-Elmer  621  IR  Spectrophotometer  in  the  wavelength  range 
from  2.5  to  50  urn.  The  general  view  of  the  dewar  used  for  the  low 
temperature  optical  measurements  is  presented  in  Figure  10. 

For  the  measurements  of  photoconductivity  we  chose  a  CO2  laser 
as  a  source  of  incident  radiation.  This  choice  gave  us  the  opportu¬ 
nity  to  observe  the  photoconduction  dynamics  at  the  different  ratios 


0^  is  greater  than  hv,  the  radiation  generated 


particles  will  be  produced  by  the  impurity  atoms.  If  hv  >  we 
may  assume  An  =  Ap.  The  (HgTe)^( InSb)^  ^  crystals  investigated  had 
the  cut-off  wavelength  from  7  urn  (x  =  0)  to  14.6  urn  (x  =  0.2).  The 
CO^  laser  radiation  had  X  =  10.6  urn  which  gave  us  the  opportunity  to 
compare  photoconductivity  in  both  the  cases. 

The  samples  for  the  measurements  (Figure  11)  were  made  in  such 
a  way  that  the  direction  of  the  incident  beam  was  perpendicular  to 
the  electric  current  density  vector.  The  omic  contacts  were  made 
from  indium.  The  symmetry  of  the  dark  conductivity  was  checked  with 
an  oscillograph  at  the  frequency  60  Hz. 

A  sample  was  connected  to  the  sample  holder  and  dipped  in  dewar 
with  liquid  nitrogen.  The  sample  holder  (Figure  12)  was  designed  in 
such  a  way  that  a  vertical  beam  of  the  IR  radiation  was  first 
reflected  from  the  right  side  of  the  holder  under  90°  (there  was  a 
platinum  mirror  on  that  side),  and  only  after  it  the  beam  penetrated  to 
the  sample.  The  general  view  of  the  photoconductivity  measurement 
device  is  presented  in  Figures  13  and  14. 

It  is  known  that  the  thickness  of  the  semiconductor  layer  that 
absorbs  a  definite  part  of  the  incident  radiation  depends  upon  its 
absorption  coefficient,  k.  From  Lambert-Bouguer' s  law 

I  =  exp  (-kx) ,  (2.6.1) 

thickness  of  a  layer  that  absorbs,  say,  99%  of  the  incident  radia- 
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In  the  case  of,  for  example,  InSb,  at  X  »  6  ^m,  k  »  10  cm  and 
Xq  gg  =  10  urn.  The  real  thicknesses  of  photodetectors,  1,  are 
usually  greater  for  technological  reasons  and  as  a  result  of  it  the 
registered  photoconductivity,  Aa/o,  or  photoresistivity,  A6/6,  mag¬ 
nitudes  are  damped;  this  decreases  the  accuracy  of  measurements. 

Our  calculations  (see  [29]  and  Appendix)  showed  that  with  our  geome¬ 
try  of  the  charge  particles  and  photon  motion  directions  in  the 
sample  the  signal  will  be  attenuated  by  magnitude: 
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(2.6.3) 


If  we  consider  the  number  of  injected  carriers.  An,  independent  from 
1,  what  is  true  for  1  >  Xq  gg,  the  Eqn.  (2.6.3)  shows  that  the  coeffi 
cient  of  attenuation,  a,  is  proportional  to  the  square  of  (Vx^  gg) 


2.7.  THERMAL  CONDUCTIVITY 

The  question  regarding  the  thermal  conductivity  of  the 

(HgTe)^( InSb)^  ^  came  up  at  the  time  when  we  started  to  design  our 

Bridgman-Stockbarger  system.  The  ratio,  k  =  <  /<  ,  of  crucible  to 

c  r  d 

alloy  thermal  conductivity  determines  the  geometry  and  kinetics  of 
crystal  growth  [30-32]. 


While  <  of  the  binary  III-V  and  II-VI  diamond-like  compounds 
was  investigated  quite  thoroughly  (see,  for  example,  [33-36],  and 


Table  1),  the  problem  of  their  solid  solutions  does  not  attract  a 
corresponding  attention. 


Leibfried  and  Schloeman  [37]  derived  an  expression  for  lattice 
thermal  conductivity  at  T  >  e^in  the  form 


[24  4I/3 
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Y^T 


(2.7.1 


where  k^,  h,  and  are  the  Boltzmann  and  Plank  constants  and 
Avogadro  number,  M  is  the  average  atomic  mass,  5  is  an  average 
lattice  volume  per  atom,  9^^  is  the  Debye  temperature,  Y  is  the 
Griineisen  anharmonicity  parameter.  At  [<^]  =  W/cmk,  [T]  =  [0]  =  K, 
[5]  =  cm,  and  [M]  =  gram 


M6e: 


5.72 


Y^T 


(2.7.2 


Keyes  [38]  has  shown  that  may  be  expressed  as  a  function  of 


melting  point,  and  density,  p,  in  the  form 


=  Bp 


2/3t  3/2 
'm 


(2.7.3 


where  B  »  1/30  is  a  constant. 

Neither  the  (2.7.2)  nor  (2.7.3)  expressions  are  suitable  for 
calculations  of  k  of  a  solid  solution,  because,  in  general,  the  lat¬ 
ter  presents  a  system  of  atoms,  where  different  particles  in  cation 
and  anion  sublattices  are  distributed  statistically.  Abeles  [39] 
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TABLE  1.  SUMMARY  OF 
III-V  DIAMOND 

DATA  ON  SOME  1 1 -VI 
-LIKE  COMPOUNDS 

AND 

Material 

InSb 

HgTe 

CdTe 

InAs 

Average  Atomic  Mass,  g/mole 

118.4 

164.10 

120.0 

94.8 

Bond  Energy,  eV 

5.5 

4.3 

6.4 

Debye  Temperature,  K 

202 

114.3 

200 

249 

Thermal  Expansion,  10"^  K"^ 

4.67 

4.68 

3 

Density,  g/cm 

5.78 

8.07 

5.87 

5.68 

Melting  point,  K 

809 

943 

1314 

1215 

Gruneisen  parameter 

1.04 

1.07 

(1.15) 

Thermal  Conductivity,  W/cmK 

0.165 

0.021 

0.060 

0.265 

-  .  1/3  ^ 

Linear  size  per  atom,  V,  A 

a 

3.239 

3,215 

3.240 

2 

Microhardness,  kgp/mm 

220 

20 

60 

330 

lonicity,  %  [44] 

2 

15 

offered  a  model  of  solid  solution  as  a  random  mixture  of  atoms  and 


calculated,  on  this  basis,  k  of  solid  solutions  in  the  Ge-Si  and 
GaAs-InAs  systems  at  high  temperatures  in  satisfactory  agreement 
with  the  experimental  results.  In  his  model,  k  is  expressed  in 
terms  of  the  lattice  parameters  and  mean  atomic  masses  of  the  alloy 
and  its  constituents.  In  his  work,  Abeles  used  a  simple  phenomeno¬ 
logical  model  of  thermal  conductivity,  developed  by  Klemens  [40]  and 
Callaway  and  Baeyer  [41].  In  the  limit  of  strong  point-defect  scat¬ 
tering,  which  is  realistic  for  a  disordered  solid  solution,  Abeles 
gives  expression 


K  =  [9.67  X  10  (1 


+  7.08  X  10'^  (1  t  5o/9)y^S'^  (2.7.4) 

where  o  is  a  parameter  that  depends  on  the  phonon  rel axati on  time,  y 
is  the  Grlineisen  anharmonicity  parameter,  B  is  a  parameter  that 
depends  on  Debye  temperature,  average  atomic  mass,  M  and  a  lattice 
parameter,  6  =  a/2,  ($  is  nearly  constant  within  a  given  covalent 
crystal  system),  r  is  a  parameter  that  depends  on  the  difference  in 
atomic  masses  of  the  constituents  of  the  alloy,  AM  =  M^  -  Mg,  the 
alloy  composition,  x,  and  difference  of  lattice  parameters,  A6: 

=  x^.  {(AM./M)^  +  e[(6-6i-)/6]^}  (2.7.5) 

r  =  I  r^,  (2.7.5) 


Figure  14.  The  photoconductivity  measurement  device.  Shown  from 
left  to  right:  galvanometer  (or  recorder),  sample  holder,  chopper 
amplifier,  CO2  laser  on  the  optical  bench,  and  the  laser  power 
supplier  under  the  bench. 


and  e  is  a  phenomenological,  adjustable  parameter  (e  »  40).  In  the 
case  of  a  mixture  of  two  kinds  of  atoms,  A  and  B,  Eqns.  (2.7.5)  and 
(2.7.6)  give: 

r  =  x(1-x)[(AM/M)2  +  e(A6/6)2]  (2.7.7) 

Berger  et  al .  [42]  used  Abeles'  expression  (2.7.4)  and  found  that  it 
was  in  satisfactory  agreement  with  the  results  of  their  measurements 
of  <  of  the  InSb  -  InAs  alloys. 

For  our  measurements  of  thermal  conductivity  we  used  a 
transient,  relative  method  developed  by  the  Ioffes  [43].  The 
measurements  took  place  at  the  temperature  close  to  285  K.  The 
general  view  of  the  measurement  device  is  presented  in  Figure  15. 

The  accuracy  of  the  experiment  was  close  to  15%. 


Figure  15.  Thermal  conductivity  measurement  device.  The  sample 
holder  with  the  heat  source  and  sink  is  shown  between  the  dewar  and 
recorder. 


3.1.  SINGLE  CRYSTAL  GROWTH 

In  the  majority  of  runs,  we  have  grown  single  crystals  with  the 
length  of  the  first  from  the  tip  crystal  not  less  than  75%  of  total 
length  of  the  load.  Our  experiments  have  shown  that  the  shape  of 
the  ampule  tip  did  not  play  any  important  role  in  the  process  of 
growth,  at  least  with  the  flat  angle  at  the  tip  smaller  than  90°. 

The  explanation  for  it  we  see  in  the  substantial  uniformity  of 
temperature  in  the  limits  of  each  part  of  the  Bridgman  furnace, 
achieved  by  using  thick  metallic  pipes  in  them.  Szofran  and 
Lehoczky  [45]  in  their  experiments  with  HgCdTe  had  the  same  results. 
As  was  discussed  in  [46],  the  curvature  of  isotherms  in  the  liquid 
and  solid  parts  of  the  load  are  opposite  in  the  case  of  a  semicon¬ 
ductor,  because  the  latter  has  a  substantially  greater  thermal 
conductivity  in  the  solid  state  compared  with  that  of  the  liquid, 
and  the  ampule  walls  transfer  a  significant  amount  of  heat.  The 
isotherms  in  the  upper  part  are  concave  upward  and  that  in  the  solid 
part  have  an  opposite  orientation.  Their  curvature  decreases  to  the 
crystallization  front,  and  somewhere  near  it  we  have  an  isothermal 
plane.  It  is  interesting  to  mention  that  in  accordance  with  [45] 
the  thick-wall  quartz  ampules  provide  some  advantages  for  the  pro¬ 
cess  of  growth  of  high  quality  semiconductor  crystals. 

The  maximal  speed  of  growth  which  permitted  us  to  grow  satis¬ 
factory  quality  crystals  was  v^^  =  1.1  um/s.  We  found  that  tempera¬ 
ture  gradient  near  the  interface  could  be  as  low  as  22°/cm  at  the 
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speed  V  <  From  our  point  of  view,  an  important  factor  that 

determines  the  success  of  the  growth  process  is  a  condition  that 

^  =  0  (3.1.1) 

on  both  sides  of  the  interface  and  especially  above  it.  We  believe 
that  the  condition  (3.1.1)  is  connected  to  the  temperature  depen¬ 
dence  of  thermal  conductivity  of  the  melt. 

In  general,  a  greater  temperature  gradient  in  the  melt  near  the 
surface  of  a  growing  crystal  is  followed  by  an  increase  in  the 
defect  density,  primarily  that  of  dislocations.  During  the  reported 
year,  we  did  not  have  a  proper  method  for  defect  evaluation,  there¬ 
fore  we  charcterized  the  crystal  defectiveness  from  electrical 
transport  properties.  Our  experiments  showed  that  the  best  uniform¬ 
ity  of  the  HgTe  ^2^^Sb  gg  parameters  was  reached  at  the  temperature 

2  2 

gradient  equal  to  22" /cm  and  d  T/dZ  =  0  from  5  mm  below  the  inter¬ 
face  to  15  mm  above  it,  in  the  liquid. 

The  uniformity  of  the  crystals  was  controlled  metal lographi- 
cally  and  by  the  microhardness  measurements.  It  was  shown  that  the 
radial  uniformity  was  better  in  the  crystals  that  had  greater  total 
length  at  the  same  crystal  diameter.  Also,  it  was  established  that 
the  crystal  radial  uniformity  is  better  at  a  smaller  ratio  of  the 
crystal  diameter  to  that  of  the  metallic  inserts  in  the  Bridgman 
furnace.  We  believe  that  for  a  given  load  mass  it  is  advantageous 
to  grow  a  long  thin  crystal  in  a  furnace  of  a  relatively  large 


diameter.  It  is  clear  also  that  the  interface  concavity  may  be 
reduced  if  the  furnace  has  a  lower  longitudinal  temperature  gradient 
in  the  interface  gone.  A  shallow  temperature  gradient  and  a  rela¬ 
tively  slow  motion  of  the  ampule  permit  to  the  crystal  to  be 
annealed  to  the  state  at  which  volatile  components  first  and  fore¬ 
most  will  have  low  mobility. 


3.2.  EPITAXIAL  GROWTH 

The  epitaxial  layers  of  HgTe  on  the  InSb  substrates  were  pre¬ 
pared  by  the  following  reactions 


H^Te,  \ t  Hg,  V  +  1/2  Te, 

^  ( source) ^  ^(gas)  t 


I  gas) 


^^(gas)^^'^^  ■*^^'*'®(c.,  substrate)  ’ 

The  substrate  had  orientation  (111).  The  reactor  for  the  hot-wall 
epitaxy  had  two  temperature  zones  which  were  independently  con¬ 
trolled  to  within  ±  IK.  As  the  source  material  we  used  HgTe  shot 
(Poly  Research  Corporation).  After  wet  polishing  to  a  surface 
finish  of  about  0.4  u  with  alumina  powder,  the  substrates  were 
etched  with  a  bromine-methanol  mixture  and  thoroughly  rinsed  with 
DW. 

The  heating  of  the  substrate,  source  and  wall  started  with  the 


shutter  (Figure  3)  in  the  closed  position.  When  the  temperature 
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reached  the  chosen  magnitudes,  the  shutter  was  opened  to  start  the 
growth  process. 

Dependence  of  the  growth  rate  on  the  source  temperature  is 
close  to  the  exponential  one  (see  Figure  16).  Apparently  the  mole¬ 
cule  kinetic  energy  in  the  process  of  deposition  plays  a  secondary 
role  in  comparison  with  the  partial  pressure  of  the  gas  phase  compo¬ 
nents  and/or  their  concentration  near  the  substrate.  Quality  of  the 
deposited  layers  depended  upon  the  substrate  temperature  as  well  as 
on  the  source  temperature.  In  Figure  17  one  can  see  the  substrate- 
source  temperature  field  in  the  limits  of  which  our  experiments  were 
finished  with  the  epitaxial  layers.  Outside  of  the  field,  the 
experiments  were  ended  with  the  growth  of  a  polycrystalline  or  amor- 
fous  film  or  without  any  deposition. 

In  accordance  with  Zemel  [47],  for  the  source  and  substrate  of 
the  same  material,  the  rate  of  deposition,  R^,  is 

where  P  is  pressure,  o  is  a  coefficient  that  depends  on  the  condition 
of  the  surface,  m  is  the  mass  of  a  molecule,  k  is  the  Boltzmann  con¬ 
stant,  and  the  subscripts  so  and  su  relate  to  source  and  substrate 
respectively.  The  Eqn.  (3.2.1)  is  written  on  the  basis  of  some 
assumptions  that  make  its  effective  use  quite  difficult  especially 
for  alloys.  The  only  condition  we  may  consider  always  valid  is  that 
vapor  pressure  in  the  space  near  a  substrate  must  be  greater  than 
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the  equilibrium  pressure  of  the  material  evaporating  from  the  sub¬ 
strate  [10]  and  greater  of  a  critical  magnitude: 

P/Pe  >  (P/Pe)cr  •  (3.2.2) 

The  results  of  our  experiments  with  the  HWE  show  that  the 

deposited  films  are  epitaxial  if  they  were  grown  at  the  magnitudes 

of  T  and  T  that  belong  to  the  points  of  the  plot  T  (T  )  in 
su  so  ^  ^  ^  su  so 

Figure  17  laying  inside  of  the  closed  curve.  Roughly  speaking,  with 
our  experimental  geometry,  epitaxial  growth  will  take  place  if  the 
magnitudes  of  and  lay  inside  of  a  triangle  with  coordinates 
of  vertices:  (1)  =  210,  =  340;  (2)  =  380;  =  410; 

(3)  T  =  340  and  T  =  460°C. 

su  so 

Our  experiments  with  evaporation-diffusion  in  a  close  volume  at 
isothermal  conditions  have  an  important  difference  from  experiments 
on  HgCdTe  which  consists  in  (a)  a  very  big  difference  in  the  vapor 
pressure  of  the  source  components,  Hg  and  Te,  in  comparison  with  the 
substrate  components.  In  and  Sb  (Table  3),  and  (b)  absence  of  a 
common  component  (say,  anion)  that  may  migrate  in  both  directions 
between  the  source  and  substrate.  In  our  experiments,  the  tempera¬ 
ture  in  the  reaction  volume  was  350  ±  SO'C.  At  these  temperatures, 
a  predominant  component  of  the  gas  phase  was  mercury.  When  a  fast 
Hg  atom  (pressure  about  250  mm)  reaches  the  substrate  surface,  it 
interacts  with  the  anion  sublattice  first,  because  of  the  higher 
partial  pressure  of  the  Sb  atoms.  As  a  result  of  this  interaction, 
the  surface  of  InSb  will  be  covered  with  a  layer  of  the  Hg  atoms  in 


1703  1855  1968  2169 


Source  TeMP-,®c 


Figure  17.  Graphical  representation  of  the  HWE  experiments.  The 
circles  represent  the  experimental  conditions  for  the  epitaxial 
growth;  the  crosses  represent  and  for  polycrystal  deposition 
or  lack  of  deposition.  The  area  surrounded  by  the  closed  curve  is  a 
T  -T  field  for  the  epitaxial  growth  of  (HgTe)  (InSb).  . 
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both  "cationic"  and  "anionic"  positions.  Cohesive  force  between 
atoms  of  Hg  and  In  is  substantially  smaller  than  that  of  Hg  and  Sb 
(for  example,  the  highest  melting  point  in  the  phase  diagram  Hg-In 
is  108°C  in  comparison  with  450°C  for  the  only  [hypotetic]  compound 
Hg^Sb^  in  the  Hg-Sb  system).  Consequently,  Hg  atoms  will  sublimate 
from  "anionic"  position,  giving  an  opportunity  for  their  occupation 
by  the  Te  atoms  from  the  vapor  phase.  This  process  will  be  finished 
with  the  creation  of  a  layer  of  HgTe  on  the  surface  of  InSb.  Atoms 
of  Hg  and  In,  as  well  as  Te  and  Sb,  will  migrate  in  the  mutually 
opposite  directions  toward  the  negative  concentration  gradient,  that 
will  be  followed  by  the  creation  of  the  possibility  of  the  new  HgTe 
layer  deposition.  One  can  see  from  this  mechanism  that  rate  of 
deposition  of  the  absorbed  layer  will  be  controlled  by  the  partial 
pressure  of  Te  in  the  reaction  volume  and  its  amount  in  excess  to 
the  stoichiometric  composition  [51].  The  authors  of  [14]  came  to 
the  same  conclusion  which  gave  us  reason  to  believe  that  in  both 
HgCdTe  and  HgTelnSb  layers  the  limiting  role  belongs  to  the  least 
volatile  component  of  the  source  material. 

The  probability  of  mutual  diffusion  is  very  high  for  all  four 

kinds  of  atoms  if  we  consider  their  size  as  one  of  the  "covalent" 

atoms.  Palatnik  et  al .  [50]  offered  the  following  magnitudes  of  the 

"true  covalent  tetrahedral  radii":  r(Hg)  =  1.545;  r(In)  =  1.485; 

r(Sb)  =  1.350;  and  r(te)  =  1.280A.  These  data  agree  with  the 

results  of  the  x-ray  measurements  better  than  any  other  known, 

+2  +3  2  3 

including,  of  course,  the  Hg  ,  In  ,  Te'  ,  and  Sb'  radii  [8]. 


In  our  experiments,  the  deposition  time  was  varied  from  24  to 
196h.  The  average  thickness  of  the  layers,  as  measured  by  v;eighing 
the  samples  before  and  after  deposition,  was  proportional  to  the 
square  root  of  the  deposition  time.  For  the  thickness  calculations, 
we  assumed  that  the  deposited  layer  had  the  shape  of  a  straight 
cylinder  and  the  mass  density  of  the  grown  material  was  equal  to 
8.17  g/cm^.  The  results  of  some  ..f  our  experiments  are  presented  in 
Table  5. 

On  the  first  stage  of  growth,  the  triangle  centers  of  deposi¬ 
tion  appeared  on  the  surface  of  the  substrate,  followed  by  their 
mergence  and  formation  of  a  monolytic  layer.  If  a  part  of  the  ini¬ 
tial  triangles  did  not  have  the  same  orientation  on  the  surface  of 
substrate,  the  growing  layer  had  little  spots  on  it  or  all  its  sur¬ 
face  was  darker  in  comparison  with  the  successful  runs. 

The  best  results  were  obtained  at  350°C  and  the  deposition  time 
close  to  6  days.  Under  these  conditions,  the  films  were  dense, 
mirror-like,  and  possessed  the  best  electrical  properties.  All 
grown  films  were  of  n-type  conductivity.  It  draws  us  to  the  conclu¬ 
sion  that  the  intensive  interdiffusion  took  place  during  the  growth 
process,  because  otherwise  the  as-grown  layers  would  have  p-type 
conductivity  without  an  additional  amount  of  metallic  Hg  in  the 
growth  volume  [52].  A  detailed  investigation  of  the  diffusion 
process  is  one  of  the  subjects  of  our  future  work. 


3.3.  MICROSTRUCTURE  AND  MICROHARDNESS 

The  surface  morphology  of  crystals  and  films  was  examined  by 
optical  microscopy.  It  was  established  that  creation  of  the  epi¬ 
taxial  deposition  centers  depends  upon  the  surface  etching  prior  to 
the  deposition. 

We  used  the  1HF:1HN02  etchant  [53,  54]  to  avoid  the  polishing 
effect.  In  both  HWE  and  EDRI  processes,  the  first  centers  of  the 
epitaxial  deposition  appeared  faster  and  with  fewer  irregular 
oriented  ones  among  them  if  the  substrate  was  etched  for  5  seconds 
once  (EDRI)  or  twice  (HWE).  A  typical  view  of  the  substrate  surface 
after  the  etching  is  shown  in  Figure  18  (100^).  One  can  see  that 
the  average  size  of  the  etch  pits  is  quite  uniform;  it  is  equal  to 
about  15  urn.  It  gives  us  the  average  depth  in  the  center  of  a  pit 
of  about  4  urn  [55]. 

The  surface  uniformity  of  the  grown  single  crystals  was  evalu¬ 
ated  by  the  microhardness,  H,  measurements  (Table  7).  Our  experi¬ 
ments  with  both  HWE  and  EDRI  grown  epitaxial  layers  gave  us  a 
magnitude  of  H  close  to  50  ±  15  kgp/mm  ,  which  is  slightly  higher 
than  H  of  pure  HgTe.  It  means  that  the  interdiffusion  of  HgTe  and 
InSb  in  the  epilayers  and  substrates  has  not  been  completed  yet. 

This  task  is  part  of  our  plans  for  the  next  year  of  work  with  this 


3.4.  X-RAY  ANALYSIS 


The  X-ray  analysis  was  used  for  investigation  of  the  single 
crystal  size,  as  a  supplement  to  the  microstructure  and  microhard¬ 
ness  investigation,  and  the  single  crystal  growth  direction.  We 
made  the  Laue  photos  from  the  slices  of  a  single  crystal  that  were 
cut  with  the  ampule  in  the  direction  of  its  growth.  The  first 
slice,  which  had  a  change  in  the  position  of  the  diffraction  maxima 
or  had  an  additional  set  of  maxima,  was  considered  as  a  border  of 
the  initial  single  crystal. 

Investigation  of  segregation  was  done  by  the  Debye-Scherrer 
X-ray  analysis  on  the  powder  that  was  made  from  the  crumbs  taken  from 
different  points  of  a  grown  single  crystal  along  its  axis  and 
perpendicular  to  it.  These  results  were  then  compared  with  the 
X-ray  Debye-Scherrer  data  which  were  received  from  the  polycrystals 
of  a  definite  composition.  Discrepancy  between  the  results  on  the 
polycrystals  and  single  crystals  of  the  same  composition  (or 
expected  composition)  did  not  exceed  0.3%.  The  accuracy  in  evalua¬ 
tion  of  the  lattice  parameter,  a,  increases  with  the  increase  of 
Bragg's  angle,  0,  in  accordance  with  the  ratio 

Aa/a  =  ±  A9/tan  9  (3.4.1) 

One  of  the  common  ways  to  get  the  precision  magnitude  of  a  is  the 

2  2 

extrapolation  of  the  curve  a  =  a  (cos  0)  to  the  magnitude  cos  0  =  0. 

The  results  of  our  investigation  of  the  grown  crystals  are 
presented  in  Tables  5  and  6.  We  believe  that  in  the  case  of  the 
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*The  computer  did  not  print  out  the  fourth  peak. 
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HgTe-InSb  system,  the  difference  in  composition  between  solid  and 
liquid  phase  is  not  as  great  as  in  HgCdTe  because  the  phase  diagram 
of  the  former  system  [6]  shows  a  much  smaller  distance  between  the 
solidus  and  liquidus  curves  than  that  of  the  latter. 

Our  experiments  with  single  crystals  were  concentrated  mainly 
upon  three  compositions:  x  =  0.05,  x  =  0.10,  and  x  =  0.12.  The 
reason  for  this  is  in  the  fact  that  these  alloys  cover  the  most 
important  wavelength  range  for  far-infrared  detection:  from  7  to 
12.0  urn.  In  the  alloys  with  greater  cut-off  wavelength,  the  tunnel¬ 
ing  effects  play  an  important  role;  however,  this  problem  remains 
outside  the  limits  of  this  project. 

The  Laue  X-ray  analyses  show  that  all  primary  single  crystals 
grow  in  the  direction  [111]  with  a  maximum  decline  from  it  less  than 
2.5®.  The  successful ly  grown  epitaxial  layers  repeated  the  InSb 
substrate  orientation,  (111),  with  a  deviation  smaller  than  the 
experimental  error. 

From  Table  7  one  can  see  that  the  radial  uniformity  of  micro¬ 
hardness,  H,  is  quite  high:  deviations  from  an  average  magnitude 
are  in  the  limits  of  the  experimental  accuracy.  Comparison  of  the 
results  with  the  measurements  of  H  on  the  polycrystals  [6,  p.  26] 
shows,  in  accordance  with  the  theoretical  predictions  [56],  that  the 
magnitudes  of  H  of  single  crystals  are  greater  in  comparison  with 
the  polycrystals  of  the  same  composition.  One  more  interesting  fea¬ 
ture  of  the  results  consists  of  a  shift  of  the  maximum  H  to  the 
greater  magnitudes  of  x:  from  about  x  =  0.09  for  polycrystals  to 


about  X  =  0.12  for  single  crystals.  The  last  effect  may  be 
considered  as  an  indirect  evidence  for  the  conception  that  the 
HgTe-InSb  section  of  the  Hg-In-Te-Sb  quarternary  system  is  not  a 
quasi  binary  one.  This  conception,  however,  needs  some  additional 
investigations,  which  are  outside  the  limits  of  this  project.  The 
greater  magnitudes  of  H  of  single  crystals  are  in  accordance  with 
the  results  of  Ablova  and  Feoktistova  [57],  who  showed  that  InSb  has 
the  greatest  H  on  the  plane  (111). 

3.5.  ELECTRICAL  AND  GALVANOMAGNETIC  PROPERTIES 

In  our  measurements  we  used  as  a  standard  the  electrical  and 

gal vanomagnetic  properties  of  the  InSb  single  crystals  of  Poly 

Research  Corporation  which  had  an  electrical  conductivity  in  the 

limits  18.2<a^58.8  1/Ohm  cm,  concentration  2.1  x  10^^  1  1 

10.0  X  10^^  1/cm^,  and  mobility,  u,  from  3.6  x  10^  to  5.5  x 
5  2 

10  cm  /V*  sec  at  room  temperature. 

Our  measurements  were  conducted  at  77  K  and  300  K.  In  a  major¬ 
ity  of  the  Bridgman-grown  crystals,  the  highest  magnitudes  of  u  were 
related  to  the  slices  that  were  cut  out  at  the  end  of  the  conical 
part  of  the  ampule.  As  mentioned  before,  all  grown  crystals  had  the 
n-type  conductivity.  The  averaged  results  of  the  measurements  are 
presented  in  Table  8.  In  all  cases  Hall  measurements  demonstrated 
the  n-type  conductivity.  From  the  change  of  mobility  with  tempera¬ 
ture  it  is  possible  to  conclude  that  scattering  is  controlled  mainly 
by  the  ionized  impurities.  The  donor  ionization  energy  shown  in 
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Table  8  was  determined  from  the  Hall  coefficient  data.  Apparently 
the  range  from  77  K  to  3000  K  is  a  transition  region  between  extrin¬ 
sic  and  intrinsic  conductivity  (6.6  meV  kg  T  £  2.58  meV). 

The  electrical  properties  of  the  films  grown  both  by  the  hot- 
wall  epitaxy,  HWE,  and  by  the  EDRI  method  were  typical  for  the  HgTe 
films  (see,  for  example  [58,  59]). 

We  assume  that  the  results  of  our  measurements  depend  not  only 
on  the  film  quality  itself  but  also  on  (a)  its  thickness,  because 
the  InSb  substrate  had  a  relatively  high  conductivity,  and  (b)  the 
depth  of  diffusion  of  the  deposited  atoms  into  substrate.  The 
results  of  our  measurements  of  the  film  electrotransport  parameters 
together  with  the  data  on  substrate  measurements  prior  to  the  depo¬ 
sition  are  presented  in  Table  9.  One  can  see  from  the  data  that  the 
electrical  properties  of  the  layers  are  lower  in  comparison  with  the 
bulk  crystals.  We  believe  that  the  films  have  substantial  transi¬ 
tional  layers  with  high  concentration  gradients  and  with  high  defect 
contents,  mainly,  point  (vacancies)  and  one-dimensional  (disloca¬ 
tions)  defects.  The  fact  that  all  films  had  n-type  conductivity  may 
be  considered  as  an  indirect  proof  of  the  strong  influence  of  the 
substrate  on  the  results  of  the  measurements,  because  usually  as- 
grown  epitaxial  HgTe  layers  exhibit  p-type  conductivity  without  an 
excessive  amount  of  mercury  in  the  gas  phase  [14,  52]  or  in  the 
liquid  source  [60]. 


3.6.  OPTICAL  TRANSMITTANCE/REFLECTANCE  AND  PHOTOCONDUCTIVITY 


The  results  of  our  measurements  of  optical  transmittance  and 
reflectance  were  used  for  the  calculation  of  the  energy  gap  in 
accordance  with  Eqns.  (2.6.1)  and  (2.6.2).  The  magnitude  of  as  a 
function  of  HgTe  contents  is  presented  in  Figure  19.  It  is  inter¬ 
esting  to  note  that,  in  general,  magnitudes  of  of  single  crystals 
are  slightly  higher  than  those  of  polycrystals  of  the  same  composi¬ 
tion  [6,  p.  63].  Analysis  of  the  experimental  curves  T  =  f(X)  and 
R  =  (t)(X)  for  two  kinds  of  samples  showed  that  at  greater  electron 
concentrations,  typical  for  polycrystals,  R  is  changing  only 
slightly  whereas  T  is  decreasing  substantially.  It  is  followed  by 
the  growth  of  the  second  member  of  rhs  of  Eqn.  (2.6.2)  and  by  a 
corresponding  decrease  of  e^.  Measurements  were  made  only  on  the 
samples  prepared  from  the  bulk  single  crystals.  All  attempts  to 
make  thin  samples  of  the  deposited  films  were  unsuccessful.  Compar¬ 
ison  of  different  samples  shows  that  annealing  of  the  crystals 
increases  their  transmittance  and  creates  a  sharp  transmission  edge. 

The  photoconductivity  measurements  on  the  single  crystals  and 
epitaxial  layers  were  undertaken  with  the  samples  immersed  in  the 
dewar  with  liquid  nitrogen.  The  average  intensity  was  controlled  by 
the  thickness  of  the  N^  layer  upon  the  sample  and  the  diameter  and 
location  of  the  chopper  opening.  Dependence  of  photoconductivity 
Aa/a  on  the  the  illumination  intensity  can  be  written  for  an  n-type 
sample  in  the  form  [61] 
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Aa/a  =  nl  T  (1  )/(n  t)  (3.6.1) 

P  Up  0 

where  n  is  the  quantum  efficiency,  I  is  the  Poynting  vector  magni¬ 
tude  of  the  incident  light,  Xp  is  the  nonequilibrium  carrier  life¬ 
time,  n^  is  the  equilibrium  electron  density,  and  t  is  the  thickness 
of  the  sample.  Results  of  our  measurements  are  in  satisfactory 
agreement  with  Eqn.  (3.6.1).  From  Figure  20  one  can  see  the  linear 
dependence  between  Aa/a  and  I.  Relatively  low  photoconductivity  of 
the  InSb  and  (HgTe)_  .^dnSb)^  samples  may  be  considreed  as  evi- 
dence  that  photoresponse  for  these  samples  is  the  result  of  inter¬ 
action  of  the  incident  photons  with  the  acceptor  levels.  In  the 
process  of  our  measurements  we  observed  the  existence  of  saturation 
of  the  photoconductivity  signals  in  strong  electric  fields.  The 
curves  in  Figure  20  represent  photoconductivity  in  the  nonsaturated 
field  part. 

The  photoconductivity  relaxation  time,  x,  for  all  investigated 
samples  was  independent  of  the  incident  radiation  intensity.  The  x 
remained  constant  within  the  limits  of  the  experimental  accuracy  for 
the  samples  with  a  low  sensitivity,  and  decreased  with  the  electric 
field  increase  in  the  samples  of  higher  sensitivity.  A  detailed 
investigation  of  the  photoconductivity  parameters  is  a  part  of  our 
plans  for  the  next  year. 


3.7  THERMAL  CONDUCTIVITY 


The  results  of  our  measurements  of  thermal  conductivity,  <,  on 
a  series  of  (HgTe)  (InSb)^  crystals  are  presented  in  Table  10.  Th 
difference  in  <  of  the  InSb  single  crystals  and  polycrystals  is 
about  10%,  which  is  within  the  expected  limits.  We  calculated  <  on 
the  basis  of  Abeles'  model  [39],  taking  data  from  Table  1  and  using 
formulas  (2.7.4,  5,  6).  The  dashed  curve  in  Figure  21  was  computed 
with  a  =  2.5,  6  =  1.41  x  10"®  K‘cm®^^,  y  =  1.8,  and  e  =  42.  One  can 
see  that  the  experimental  curve  has  a  minimum  between  x  =  0.10  and 
X  =  0.15  which  agrees  with  the  microhardness  maximum  (Table  7),  but 
the  computed  curve  apparently  has  a  minimum  (a  thermal  resistivity 
maximum)  close  to  the  central  ordinate  of  the  phase  diagram.  It  is 
a  direct  consequence  of  the  fact  that  the  model  used  for  computing 
is  essentially  that  of  an  isotropic  elastic  continuum  and  all  r/s 
in  (2.7.6)  will  have  a  maximum  closer  to  x^.  =  0.5.  In  the  calcula¬ 
tions  of  the  disorder  scattering  relaxation  time,  Abeles  assumed 
that  multiple  scattering  could  be  neglected.  Nevertheless,  the 
magnitudes  of  experimental  and  calculated  ic  are  in  satisfactory 
agreement  within  the  limits  0  ^  x  <  15. 

Electronic  contribution  to  the  thermal  conductivity  was 
evaluated  on  the  basis  of  the  Wiedemann-Franz  law 

<  =  LaT  (3.7.1) 

e 

and  assumption  of  the  dominant  acoustic  deformation  potential 


OA'i. 


Figure  20.  Dependence  of  photoconductivity  on  the  illumination 
intensity.  The  curves  1,  3,  5  and  6  are  for  the  single  crystals 
with  X  equals  to  0.12,  0.10,  0.05,  and  0.00  respectively;  the  curves 
2  and  4  are  for  an  EORI  sample  and  an  HWE  sample  respectively. 
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scattering.  This  assumption  gives  for  the  Lorenz  number  the 
magnitude 

L  =  2(^)^  =  1.49  X  10"^  (3.7.2) 

®  OhmK'^ 

Calculations  of  on  the  basis  of  Eqns.  (3.7.1),  (3.7.2)  and 
Table  8  gave  the  magnitudes  of  which  are  within  the  limits  of  the 
experimental  error,  and  we  may  consider  the  data  of  Table  10  and 
Figure  21  as  the  lattice  thermal  conductivity. 


4.  SUMMARY 


The  investigation  of  the  problem  of  single  crystal  and  epitax¬ 
ial  layer  growth  showed  that  the  bulk  crystals  of  the  (HgTe)  (InSb) 

X  i  “  X 

alloys  might  be  grown  with  HgTe  contents  at  least  up  to  x  =  0.15  by 
the  convenfional  Bridgman-Stockbarger  technique.  Both  hot-wall 
deposition,  HWD,  and  evaporation-diffusion  at  the  isothermal  regime, 
EDRI,  are  effective  for  the  epitaxial  growth  of  the  layers  of  HgTe 
on  the  InSb  surface  followed  by  the  diffusion  which  will  create  an 
epi layer  of  a  solid  solution.  It  is  important  to  mention  that  in 
the  HgTe-InSb  system,  the  usually  existing  composition  gradient 
normal  to  the  surface  of  the  layer  will  not  play  as  important  a  role 
as  that  which  takes  place  in  the  systems  like  HgTe-CdTe  or  HgTe- 
ZnTe,  because  in  these  systems  there  is  a  strong  dependence  of  the 
cut-off  wavelength  upon  composition  in  contrast  with  HgTe-InSb. 

The  microstructure  analysis  and  microhardness  measurements 
showed  that  yield  of  the  reproduceable  quality  single  crystalline 
samples  was  high  enough  and  that  used  regimes  of  synthesis  of  the 
crystals  were  reliable.  During  the  reported  year  we  had  only  one 
incident  of  ampule  breakage  which  was  caused  by  an  internal  defect 
in  the  fused  silica  used. 

The  microhardness  measurements  demonstrated  that  the  grown 
crystals  were  highly  uniform  and  the  magnitude  of  this  parameter  was 
typical  for  single  crystals. 

The  electrical,  photoelectrical,  and  optical  measurements 
showed  the  grown  crystals  had  the  transport  and  electro-optical 
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properties  which  are  suitable  for  their  use  as  a  material  for 
detection  of  the  IR  radiation. 

Analysis  of  the  experimental  data  and  calculations  on  their 
basis  have  led  us  to  conclude  that  the  main  goals  of  the  second  year 
of  work  on  this  project,  namely 

-  development  of  methods  of  the  single  crystal  and  epitaxial 
layer  growth, 

-  detailed  structural  and  x-ray  analysis  of  the  grown  crystals 
and  films, 

-  evaluation  of  the  principal  electrical  and  gal vanomagnetic 
properties, 

-  evaluation  of  the  optical  and  photoelectric  properties  of  the 
crystals  and  films  and  dependence  of  the  properties  on  the 
growth  parameters 

have  been  achieved. 

These  results,  coupled  with  the  results  of  the  first  year  of 
work,  will  be  used  in  the  next  part  of  this  project  which  consists 
mainly  in  manufacturing  and  investigation  of  the  models  of  photo¬ 
resistive  and  photovoltaic  infrared  detectors  on  the  basis  of  the 
new  group  of  narrow-gap  semiconductor  materials:  HgTe-InSb. 

The  achieved  results  have  given  us  reason  to  believe  that 
introduction  of  these  materials  in  the  infrared  detection  technique 
will  help  to  improve  some  parameters  of  infrared  detectors,  such  as 
uniformity  of  electro-optical  properties,  long-term  stability,  etc. 
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APPENDIX  1.  DIMENSIONAL  PARAMETERS  OF  THE 
TECHNOLOGICAL  EQUIPMENT 

1.  Fused  Silica  Ampule  Dimensions 
1.1  Single  crystal  growth 

Length:  20  to  23  cm 
Outer  diameter;  14  mm 
Inner  diameter:  10  mm 
Silica  rod:  length  8  cm,  diameter  9  mm 
1.2.  Synthesis 

Length:  20  cm 

Outer  diameter;  19  mm 

Inner  diameter:  13.5  mm 

Rod:  length  8  cm,  diameter  13  mm 

2.  Hot-Wall  Epitaxial  Growth  Apparatus 
2.1.  Dimensions 

Total  height;  343  mm 
Glass  bell 

-  height:  25.4  cm 

-  outer  diameter:  9.0  cm 

-  inside  diameter:  8.4  cm 
Stainless  steel  base  dimensions 

-  height:  8  cm 

-  diameter:  11.5  cm 


Radiation  screen: 


3  layers  of  aluminum  foil,  20  cm  height,  85  mm  in  diameter; 
Heating  elements 
Substrate  heater: 

Silica  tube 

-  length  6.6  cm 

-  outer  diameter:  2.3  cm 

-  inner  diameter:  1.9  cm 
Heating  element  -  Nichrom,  gauge  24 

-  length  167  cm 
Source  holder  and  heater 

Silica  tube 

-  length:  95  mm 

-  outer  diameter:  19.5  iimi 

-  inner  diameter:  13.5  mm 
Heating  element  -  Nichrom,  gauge  24 

-  length  186  cm 

2.2  Temperature  regulation 

-  Thermocouples:  chromel-alumel  (Omega  Engng,  Inc.) 

-  Controllers:  Omega,  model  20A,  Reostats; 

Powerstat  3PN116C,  Superior  Electric  Co. 

3.  Furnaces 

3.1.  Furnace  for  Single  Crystal  Growth 

Dimensions:  23  cm  long  x  23  cm  wide  x  81  cm  high 


91 


Outer  quartz  tube  length  =  48  cm,  outside  dia.  =  3.6  m, 
inside  dia.  =  3.0  cm 

Inner  quartz  tube  length  =  27.3  cm,  outside  dia.  =  2.9  cm, 
inside  dia.  =  2.5  cm. 

Upper  brass  tube  length  =  27.6  cm,  outside  diameter  =  2.9  cm, 
inside  dia.  =  2.4  cm 

Heating  elements: 

Outer  wiring  (nichrome  dia.  =  0.02")  length  =  762  cm, 
resistance  «  60  ohm 

Inner  wiring  (nichrome  dia.  =  0.02")  length  =  457  cm, 
resistance  «  35  ohm 

Insulation  material : 

Insulating  firebricks;  23  cm  L  x  11.5  cm  W  x  6.3  cm  H 
(Babcock  and  Wilcox) 

Insulating  fiberglass;  1  layer  of  a  15.8  cm  thickness  piece 
(Owens  Corning  Fiberglass) 

Temperature  regulation: 

Reostats:  POWERSTAT  3PN116C,  Superior  Electric  Co. 

Power  Supply:  Harmonic  Neutralized  Constant  Voltage  Trans¬ 
former  SOLA,  type  CVS,  Sola  Electric  Co. 

Lowering  mechanism: 

Gorrel  and  Gorrel ,  type  SM 


55? 
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3.2.  Furnace  for  Synthesis 


Dimensions:  height  =  38.7  cm,  diameter  =  27.6  cm 


Quartz  tube  length  =  37.8  cm,  outside  dia.  =  3.6  cm,  inside 


dia.  =  2.93  cm 


Copper  tube  length  =  38.1  cm,  outside  dia.  =  2.8  cm,  inside 


dia.  =  2.62  cm 


Heating  element: 


Nichrome  wire  gauge  24,  length  =  670  cm,  resistance  =  35  ohm 


Insulating  material: 


Insulating  firebricks  (Babcock  and  Wilcox) 


Temperature  regulation: 


Temperature  controller  OMEGA,  model  20M,  OMEGA  Engineering  Inc. 


3.3.  Annealing  Furnace 


Dimensions: 


outside  31.0  cm  L  x  33.5  cm  W  x  30.0  cm  H 


inside  11.5  cm  L  x  20.0  cm  W  x  19.5  cm  H 


Heating  element: 


Nichrome  wire  dia.  =  .4",  length  =  1550  cm,  resistance  =  21  ohm 


Insulating  material 


Insulating  Firebricks  (Babcock  and  Wilcox) 


Temperature  regulation: 


Temperature  controller  OMEGA,  model  20M,  OMEGA  Engineering  Inc. 


APPENDIX  2.  INFLUENCE  OF  THE  DETECTOR  ACTIVE  ELEMENT 


THICKNESS  ON  MAGNITUDE  OF  THE  OUTPUT  SIGNAL 


The  optimal  thickness,  1^,  of  a  photoresistor  from  Lambert- 
Bouquer's  law: 


1  =  (In  J  7J)/k  {A2-1) 

0  0 

where  k  is  the  absorption  coefficient  and  J^/J  is  a  portion  of  the 
initial  radiation  absorbed  by  the  layer  1^.  We  may  consider,  for 
example,  J^/J  =  100.  Thus 

1  =  4.65/k  (A2-2) 

0 

For  InSb  at  77K,  k  «  lO^cm'^  and  1  »  10  urn.  Such  a  thickness  is 

0 

technologically  difficult  to  achieve  and  usually  thickness  1  >  1^ 
(Figure  A2-1).  Let  us  consider  the  influence  of  the  "excessive" 
thickness  on  magnitude  of  the  output  signal. 

If  1/1^  =  n,  the  total  resistance  may  be  written  as 

R  =  R  /n.  (A2-3) 

D  0 


if  the  detector  i*  not  illuminated.  Resistance  of  the  illuminated 
detector,  Rj^,  is 


R 


L 


n-1 


-1 


or 


(R  -AR„) 
_ 0  0 

nR^  -  AR( n-1 ) 


(A2-4) 
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Combining  Eqns.  (A2-3)  and  (A2-4)  yields 


0  0 

AR  =  R  -  R  =  ^ - 

n^R^-nAR^tn-l) 


The  relative  change  of  the  detector  resistivity 


AR/AR  =  R  /[n^R  -  AR  (n-l)n] 

0  0  0  0 


(A2-5) 


(A2-6) 


The  ratio  AR  /AR  shows  attenuation  of  the  output  signal  caused 
by  the  "ballast"  thickness  of  the  detector  active  element.  Denoting 
AR^/AR  =  a  (the  attenuation  coefficient),  we  can  rewrite  (A2-6)  in 
the  form 


a  =  n^  -  n(n-l)AR  /R 


(■;-)  -  (|-  -1) 


(A2-7) 


0  0  0 


For  an  n-type  material 


1  ,1 


(^-1) 


Pq+Ap 


(A2-8) 


where  p  is  the  minority  charge  concentration. 

In  this  consideration  we  assume  that  1  >  1  ,  and  1  is  chosen 

-  0  0 

from  the  condition 


J  <<  J 


:A2-9) 


MICROCOPY  RESOLUTION  TEST  CHART 

■.lANL'AWh'.  i'*f:  ' 
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The  condition  (A2-9)  is  followed  by  the  conclusion  that  photoconduc¬ 
tivity  of  the  element  does  not  depend  on  the  absorption  coefficient 
[61]  and  depends  only  on  One  can  see  that  the  analysis  of  total 
efficiency  of  a  photoresistive  detector  has  to  include  combined 
photoelectric  and  geometrical  consideration. 
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